Neurofibromatosis type I (NF1) is an autosomal dominant disorder associated with loss-of-function mutations in the NF1 tumour suppressor gene that encodes the multi-functional protein Neurofibromin ([@bib45]; [@bib46]; [@bib38]; [@bib14]). One in 2500--3500 individuals is affected by NF1, worldwide. The symptoms can vary from relatively benign small cutaneous tumours to highly aggressive malignant peripheral nerve sheath tumours (MPNST; [@bib18]). Benign Schwann cell-derived tumours of the peripheral nerve sheath called neurofibromas, or plexiform neurofibromas (PNF) are the most commonly found lesions and can be located throughout the nervous system ([@bib21]). Even benign NF1 tumours can be disfiguring and painful, and it is estimated that about 10 per cent of benign tumours can become MPNST ([@bib44]).

Conventional treatments for PNF and MPNST tumours include surgical removal of all or part of the tumour, which is difficult to perform without damage to nerves. Although several targeted drug therapies have been developed ([@bib19]; [@bib17]; [@bib33]) to date, no therapeutics have significantly reduced NF1 tumour burden in phase III trials ([@bib47]). Therefore, there is a pressing need to develop additional, novel effective therapeutics that target NF1 tumours without affecting the surrounding non-myelinating or myelinating Schwann cells.

Previous studies indicate that elevated levels of steroid hormones seen at puberty and during pregnancy increase both the size and number of NF1 lesions and that formerly benign tumours can become malignant in an environment in which progesterone ([@bib30]) or oestrogen levels are elevated ([@bib38]; [@bib25]). Our group previously demonstrated a negative correlation between the expression of oestrogen/progesterone receptors and Neurofibromin levels in mouse ES-derived Schwann cells of known NF1 status and in two human NF1 tumour cell lines. We found that the MPNST line, ST88, had significantly increased proliferation rates in the presence of both oestrogen and progesterone ([@bib39]). Together, these observations suggest that agents that target hormone-responsive pathways might provide a potential therapeutic approach, especially for NF1-related MPNST.

We previously demonstrated that 2-methoxyoestradiol (2ME2), a naturally occurring metabolite of 17-*β* estradiol, significantly inhibited growth and proliferation of both PNF and ST cell lines, and induced apoptosis in ST cells ([@bib39]). 2ME2 had been shown to cause growth arrest of other hormone-dependent or -independent tumour cells both *in vitro* ([@bib36]; [@bib13]) and in xenografted or transgenic mouse models ([@bib16]; [@bib12]), and has been the focus of clinical trials in the US for a wide variety of tumours, but not for NF1.

Although 2ME2 appears to have a modest pharmacokinetic profile ([@bib2]), sulfamoylated variants of 2ME2 including the 'bisMATEs\', 2ME2-3,17-*O,O*-bis-sulphamate (2ME2bisMATE, STX140) its close analogue STX243 ([@bib24]; [@bib32]) as well as STX641 and non-steroidal sulphamate derivatives ([@bib23]; [@bib6]; [@bib42]) exhibited therapeutic properties that were significantly improved relative to 2ME2. 2-methoxyoestrone-3-*O*-sulphamate inhibits taxol-stimulated tubulin polymerization ([@bib28]), and two 3,17-*O*,*O*-bissulfamates STX140 and STX243 inhibit tubulin polymerization by targeting the colchicine-binding site on tubulin ([@bib41]). These sulfamoylated derivatives of 2ME2 display improved bioavailability (100--1000-fold better) and resistance to catabolism, compared with 2ME2 ([@bib16]). Moreover, they can be delivered orally and are highly effective against many human cancer cell types assessed *in vitro* and also against human tumour cell lines engrafted into mice ([@bib16]; [@bib4]). In combination, 2-MEbisMATE (STX140) and 2-deoxyglucose exhibit synergy in reducing tumour volume and STX140 may sensitise tumours to inhibition of glycolysis ([@bib43]). Another novel 2ME2 variant, STX3451 (2-(3-Bromo-4,5-dimethoxybenzyl)-7-methoxy-6-sulfamoyloxy-1,2,3,4-tetrahydroisoquinoline; [Figure 1A](#fig1){ref-type="fig"}), is a non-steroidal tetrahydroisoquinoline sulphamate derivative that displays high anti-proliferative activity across the NCI 60 cell line panel (average GI~50~ 50 n[M]{.smallcaps}; [@bib6]). The ability of STX3451, like STX140, to disrupt normal microtubule dynamics through binding to the colchicine site in a cell-free system appears to make a significant contribution to this compound\'s anti-proliferative effects ([@bib6]).

In this study, we gained insight into the cellular actions of this next generation of 2ME2 variants and their potential efficacy as therapeutics for NF1, alone or in combination with inhibitors of PI3K and mTOR pathways, which were tested concomitantly. We found that both bisMATEs and several non-steroidal variants have profound inhibitory effects on cell proliferation in the human PNF cell line, and induce apoptosis in the MPNST-derived ST88 and S462 cell lines. STX3451, in particular, affects both the microtubule- and actin-based cytoskeleton as well as caspases-3 levels of ST88 cells. Non-steroidal variants of 2ME2 thus provide a novel and potentially powerful therapeutic for NF1-related tumours.

Materials and methods
=====================

Drug synthesis
--------------

STX2484, STX2895 and STX3451 were synthesised as described ([@bib23]; [@bib6]). The compounds exhibited spectroscopic and analytical data in accordance with their structures ([Figure 1A](#fig1){ref-type="fig"}) and were pure, as determined by high-performance liquid chromatography.

Cell culture
------------

ST88 and PNF human NF1 tumour cell lines are described in [@bib39]. S462, a cell line derived from a human NF1 MPNST ([@bib10]), was provided by Dr Karen Cichowski, Harvard University, and cultured in 10% FBS/DMEM. U2OS human osteosarcoma cells ([@bib15]) and HEK293 cells ([@bib40]), both NF1^+/+^, were provided by Dr Diane Fingar, University of Michigan, and grown in DMEM with 10% FBS.

Cell viability assays
---------------------

Cells were plated in 96-well plates (1 × 10^4^ per well). The agents ([Figure 1](#fig1){ref-type="fig"}) at concentrations of 100, 300, and 600 n[M]{.smallcaps} were dissolved in vehicle (DMSO; Sigma-Aldrich, St Louis, MO, USA) and added to the wells 2 h after plating the cells. For hormone treatments, 1 *μ*[M]{.smallcaps} oestrogen and/or 1 *μ*[M]{.smallcaps} progesterone (Sigma-Aldrich) were added, alone or with 300 n[M]{.smallcaps} STX3451 as indicated. Hormones and STX3451 were replenished after 2 days of culture. Cell growth was assessed using CellTiter 96 (Promega, Madison, WI, USA; [@bib37], [@bib39]).

Western blots
-------------

The following reagents/inhibitors were dissolved in DMSO: STX3451; wortmannin (EMD Chemicals); KU0063794 (Tocris Bioscience, Bristol, UK), which inhibits both mTOR complex (mTORC1) and mTOC2; colchicine (from Sigma-Aldrich). Cells (2 × 10^5^) were plated in serum free (SF) medium for 18--24 h, then treated with the reagents. After 30 min, the SF medium was replaced with complete medium (CM) containing the same reagents for 24 h. Cell lysates were subjected to western blotting as described previously ([@bib1]). Blots were incubated with antibodies (all from Cell Signaling Technology, Danvers, MA, USA) to phosphorylated-AKT (pAKT) S473 or T308 (1:2000), phosphorylated S6K1 (pS6K1) T389 (1:2000), total AKT (1:10 000), total pS6K1 (1:10 000). Anti-GAPDH (1:4000--1:8000, from EMD Millipore, Billerica, MA, USA) was used to assess equal protein loading. Proteins were visualised with horseradish peroxidase (HRP) conjugated anti-rabbit or anti-mouse secondary antibodies (Jackson Immunoresearch Laboratories, West Grove, PA, USA) and chemiluminescent HRP substrate (EMD Millipore). Bands were quantified with ImageJ software (NIH, Bethesda, MD, USA). Statistically significant differences were determined using Student\'s *t*-test. A *P*-value of *P*\<0.05 was considered significant.

Immunohistochemistry
--------------------

40 000--80 000 cells on 0.1% porcine gel-coated cover slips were treated with DMSO, STX3451, wortmannin, KU0063794, or colchicine for various time periods. Immunocytochemistry and counter-staining with DAPI (4\',6-diamidino-2-phenylindole) were carried out as reported previously ([@bib39]). Focal adhesion plaques, actin cytoskeleton, and microtubules were visualised using antibodies for phospho-paxillin (1:100, Cell Signaling Technology), Alexa Fluor 488-phalloidin (1:200, Thermo Fisher Scientific, Waltham, MA, USA), and α-tubulin (1:500, Sigma-Aldrich), respectively. Apoptosis was assessed by an anti-phospho-caspase-3 antibody (1:200, Cell Signaling Technology). Fluorescent (Alexa Fluor 488 or 594) anti-rabbit or anti-mouse secondary antibodies (Thermo Fisher Scientific) were used for visualising the labelled cells. Fluorescence micrographs were taken with an Olympus BX-51 microscope and processed with Adobe Photoshop (San Jose, CA, USA).

3D cell spheroid formation and testing
--------------------------------------

96-well plates were coated with 50 *μ*l 1.5% agarose ([@bib11]) allowed to solidify, and plated with 10 000 ST88 or PNF cells. After 60 h of incubation, spheroids had formed. Half of the medium was replaced with fresh reagents in CM and the cells were incubated for 4 additional days. Photographs of the spheroids were taken with a Leitz Diavert inverted microscope (Leica Microsystems GmbH, Wetzlar, Germany) and processed with Adobe Photoshop.

Results
=======

Analogues of 2ME2BisMATE selectively induce apoptosis in cultured human MPNST cell lines whilst only slowing proliferation in cell lines derived from benign lesions
--------------------------------------------------------------------------------------------------------------------------------------------------------------------

We tested the ability of six 2ME2 variants and non-steroidal sulphamate derivatives to inhibit cell proliferation in NF1-deficient cell lines. The cell lines included MPNST cell lines ST88 and S462, benign tumour cell line PNF, human embryonic kidney HEK293 cells, human osteosarcoma cell line U2OS, and mouse Schwann-like cells derived from different numbers of the normal *NF1* gene (NF1^+/+^, D3; NF1^+/−^, SKO; NF1^−/−^, DKO). STX140, STX243, and STX641 are sulfamoylated analogues of 2ME2 ([@bib5]). STX2484, STX2895, and STX3451 are non-steroidal sulphamate analogues ([Figure 1A](#fig1){ref-type="fig"}).

Of the six analogues, we found STX3451 and STX2895 to be the most potent, causing cell death or inhibiting proliferation at 0.1 *μ*[M]{.smallcaps}. At 0.1 *μ*[M]{.smallcaps}, STX3451 and STX2895 reduced cell viability in ST88 cells ([Figure 1B](#fig1){ref-type="fig"}), and cell death occurred at a 10-fold lower concentration of STX3451 and STX2895 than at the concentration of 2ME2 reported previously ([@bib39]). As with 2ME2, these compounds slightly reduced viability of DKO SC-like cells at 0.6 *μ*[M]{.smallcaps} ([Supplementary Figure 1A](#sup1){ref-type="supplementary-material"}), while inhibiting proliferation of PNF, SKO SC, and D3 SC-like cells without causing cell death in these cells ([Figure 1C](#fig1){ref-type="fig"}, [Supplementary Figure 1B and C](#sup1){ref-type="supplementary-material"}).

We found that STX3451 promoted cell death in S462 cells and slowed the growth of HEK293 cells, compared with the DMSO control treatment. However, proliferation of U2OS was not affected by STX3451 ([Figure 1D](#fig1){ref-type="fig"}), indicating that the cell death effect of STX3451 is selective for the malignant-tumour-derived ST88 and S462 cells.

To characterise STX3451-induced cell death in ST88 cells, we treated cells with 0.3 *μ*[M]{.smallcaps} STX3451 in all of the experiments described below (similar effects were also observed at 0.1 *μ*[M]{.smallcaps}). We observed that by 72 h, ∼55% of all cells treated with STX3451 detached from the plate. More than 60% of these detached cells were dead, and the percentage of dead cells did not increase significantly between 48 and 72 h (data not shown). This result is consistent with our viability results ([Figure 1B](#fig1){ref-type="fig"}) and demonstrates that most cell death occurred between 24 and 48 h.

We also examined the effect of STX3451 on hormone-induced cell proliferation. In each of the cell lines ST88, S462, and PNF, proliferation significantly increased after progesterone or oestrogen treatment. However, STX3451 caused apoptosis in ST88 cells even when these hormones were present and demonstrably promoting cell growth. In general, ST88 was the most sensitive cell line, with cell death occurring at 0.6 *μ*[M]{.smallcaps} for all tested compounds. STX3451 had a similar effect on S462 cells to that observed in ST88 cells ([Figure 1E](#fig1){ref-type="fig"}). Addition of STX3451 to the PNF cell culture severely reduced the proliferation of PNF cells, although the viability of the remaining PNF cells was not affected ([Figure 1E](#fig1){ref-type="fig"}) and we found no evidence of apoptosis.

Although HEK cells did not respond to either oestrogen or progesterone, STX3451 significantly slowed proliferation in these cells, either alone or in combination with progesterone or oestrogen ([Figure 1E](#fig1){ref-type="fig"}). These results suggest that STX3451 might prove an effective potential therapeutic agent for treating NF1 tumour progression that results from elevation of hormone levels during puberty and pregnancy. We therefore focused on the mechanism of action of STX3451 in ST88 and PNF cells in subsequent experiments.

STX3451 disrupts cytoskeletal structures as well as focal adhesion plaques and causes nuclear blebbing, disintegration, and/or fragmentation in ST88 cells
----------------------------------------------------------------------------------------------------------------------------------------------------------

We observed that before detaching from the culture dish, STX3451-treated ST88 cells became rounded, indicating cytoskeleton and adhesion changes in these cells. In our previous study, 2ME2 has been shown to disrupt microtubules ([@bib39]).We extended the study to observe effects of STX3451 on both microtubules and actin microfilaments.

Under control conditions (DMSO), microtubules in ST88 cells were distributed in perinuclear regions and throughout the cytoplasm. Similar to 2ME2, STX3451 treatment resulted in shape changes and microtubule redistribution. Long, straight microtubules were no longer seen, and the staining was more concentrated in perinuclear regions ([Figure 2A](#fig2){ref-type="fig"}), indicating that STX3451 disrupted microtubular structures in these cells.

We also found that STX3451 profoundly affected the actin-based cytoskeleton. Using phalloidin, we observed that instead of the long, straight actin-based stress fibres seen in DMSO-treated cells, ST88 cells that were still attached after 24 and 48 h in STX3451 had more prominent peripheral lamellipodia with spikes and shorter, disorganised stress fibres ([Figure 2A](#fig2){ref-type="fig"}). This suggests that in addition to breaking down microtubules, STX3451 caused reorganisation of actin molecules and disrupted long microfilaments.

To investigate whether apoptosis is one of the mechanisms by which STX3451 decreased viability, we examined the levels of cleaved caspase-3 in ST88 cells. We found that by 24 h after treatment with STX3451, the percentage of phospho-caspase-3 positive cells was \>3 times (40%) of that of cells grown under DMSO control conditions. By 48 h, 67% of the remaining attached cells treated with STX3451 were caspase-3 positive, about six times of that of cells in DMSO control, although the percentage was the same (11%) between 24 and 48 h in DMSO ([Figure 2B](#fig2){ref-type="fig"}). This result indicates that although these STX3451-treated cells had not yet detached from the culture surface, the majority of them were going through the apoptotic pathway. This is consistent with our previous study in which 2ME2 increased apoptosis in ST88 cells by 20% in 24 h ([@bib39]), and it indicates that STX3451 is a more potent inducer of apoptosis than 2ME2.

A characteristic of apoptosis is nuclear condensation and fragmentation ([@bib7]). We also discovered that after 24 h of STX3451 treatment, about double the number of abnormal nuclei were seen ([Figure 2C](#fig2){ref-type="fig"}), including severely dented, lobed, or fragmented nuclei, compared with cells treated with DMSO alone ([Figure 2A](#fig2){ref-type="fig"}). After 48 h, even though there were fewer total cells remaining attached to cover slips under STX3451 treatment conditions, a much higher percentage of the remaining nuclei exhibited abnormal morphologies, indicating failure of cytokinesis and/or increased cell death ([Figure 2C](#fig2){ref-type="fig"}). This is consistent with the results from caspase-3 staining. The increased incidence of abnormal nuclei (including fragmented nuclei) also supports the conclusion that STX3451 caused ST88 cell death through apoptosis even though cells were still attached to the cell culture surface.

To examine whether STX3451 causes ST88 cell detachment by disrupting focal adhesion plaques, affecting integrin-mediated cytoskeletal reorganisation, we performed immunocytochemistry with a phospho-paxillin antibody ([@bib3]). Under control conditions, phospho-paxillin tends to be located at the ends of actin filaments, parallel to the long axis of the cell. However, with STX3451 treatment for 24 h, along with disorganised actin filaments, phospho-paxillin plaques were randomly oriented ([Figure 2A](#fig2){ref-type="fig"}), suggesting disrupted focal adhesion plaques.

The effects of STX3451 on the cytoskeleton in PNF cells resembled STX3451 effects in ST88 cells, but did not cause apoptosis in these cells
-------------------------------------------------------------------------------------------------------------------------------------------

Although STX3451 did not reduce viability of PNF cells, we noticed shape changes in these cells. We therefore also examined their cytoskeletal structures. The changes induced in microtubular organisation and distribution by STX3451 were remarkable. With DMSO alone, the microtubules were long, straight, and located throughout the cell with prominent straight bundles around the nucleus. Treatment with STX3451 resulted in patches of microtubules that were short, curled, and randomly oriented. Although no PNF cells detached under any STX3451 treatment conditions after 48 h, the effect of STX3451 on actin filament organisation is marked at 24 h, an effect even more pronounced at 48 h, with strong peripheral fibres and loss of stress fibres, indicating depolymerisation of actin filaments. STX3451 also disrupted adhesion plaques in PNF cells, as shown with phospho-paxillin staining ([Figure 3A](#fig3){ref-type="fig"}).

Apoptotic indices (caspase-3 staining results) did not significantly increase under STX3451 treatment ([Figure 3A and B](#fig3){ref-type="fig"}), consistent with our earlier viability studies ([@bib39]). However, we observed an increased number of abnormal nuclei in STX3451-treated PNF cells ([Figure 3A and C](#fig3){ref-type="fig"}). These results indicate that the effect of STX3451 on PNF cells is to block cytokinesis and cause cell growth arrest, but not to induce apoptosis in these cells, which is quite a different effect from the effects of STX3451 on malignant-tumour-derived and hormone-responsive ST88 cells.

STX3451 alters phosphorylation of PI3K downstream targets; synergistic effects are seen with some inhibitors
------------------------------------------------------------------------------------------------------------

Loss-of-function of NF1 causes activation of phosphoinositide 3-kinase (PI3K) signalling ([@bib22]). We therefore next sought to determine whether the effect of STX3451 on the tubulin cytoskeleton is direct, or is the result of indirect effects on tubulin through STX3451 effects on PI3K, which has a known tubulin-binding site ([@bib20]). We reasoned that the PI3K inhibitor wortmannin could also affect tubulin dynamics through PI3K-tubulin-binding. We also compared the effects of STX3451 on microtubular cytoskeletal elements and the mTOR pathway downstream of Ras, with effects of the mTORC inhibitor KU0063794 ([@bib29]) and with STX3451 and KU0063794 in combination.

Our results showed that although STX3451 indeed caused alterations in downstream PI3K phosphorylated components, reducing levels of both pAKT S473 and T308 ([Figure 4A--C](#fig4){ref-type="fig"}), the effect of STX3451 was not as pronounced as either wortmannin or KU0063794 ([Figure 4A--C](#fig4){ref-type="fig"}). However, a combination of STX3451 with wortmannin or with KU0063794 appears to augment inhibition of S473 phosphorylation, although the results were not statistically significant, indicating a possible synergistic effect of both these inhibitors and STX3451 ([Figure 4B](#fig4){ref-type="fig"}). Phosphorylation of AKT T308 was not further reduced by the combination of wortmannin or KU0063794 with STX3451 ([Figure 4C](#fig4){ref-type="fig"}). These results do not rule out the possibility that the effects of STX3451 on the cytoskeleton are through PI3K or mTOR pathways, but do indicate that other pathways are involved in the cytoskeletal changes caused by STX3451.

We also separated attached from floating cells in cultures treated with STX3451, and evaluated phosphorylation of AKT and of S6K1, one of the key components in the mTOR pathway. We found that both attached and floating STX3451-treated cells had lower levels of pAKT S473 and T308, but the floating cells had significantly lower levels of S473 and T308 than those of the attached cells ([Figure 4D and E](#fig4){ref-type="fig"}). Phosphorylation of S6K1 was found to be slightly increased in attached cells, but was significantly reduced in floating cells ([Figure 4E](#fig4){ref-type="fig"}), indicating that levels of pS6K1 correlate with the ability of cells to attach to the substratum.

We also examined whether wortmannin or KU0063794 have the same effects as STX3451 on cytoskeleton. We observed that although wortmannin alone did not cause any of the cells to detach or round up, cells were more spread on the substratum than the control cells, indicating structural changes in the microfilament arrays. We found both wortmannin and KU0063794 promoted formation of prominent stress fibres in both ST88 and PNF cells after 48 h of treatment. However, if STX3451 was included in the treatment conditions, either with wortmannin or KU0063794, cells had shortened stress fibres ([Figure 5](#fig5){ref-type="fig"}). This result suggests that STX3451 and the PI3K/mTOR inhibitors have different or opposite effects on actin filament organisation, with the inhibitors causing more polymerisation of actin filaments, whilst treatment with STX3451 results in depolymerisation of these filaments.

Similar microtubular arrays were found in ST88 and PNF cells treated with wortmannin and KU0063794 ([Figure 5](#fig5){ref-type="fig"}) to cells cultured in DMSO condition for 48 h ([Figures 2A](#fig2){ref-type="fig"} and [3A](#fig3){ref-type="fig"}). However, cells treated with both STX3451 and wortmannin or KU0063794 caused depolymerisation of microtubules, and the cells had an intermediate appearance between exposure to STX3451 alone and inhibitors alone ([Figure 5](#fig5){ref-type="fig"}), again suggesting the inhibitors have different effects on microtubules from STX3451 in these cells.

STX3451 and colchicine have different morphological effects on the cytoskeleton of NF1^−/−^ tumour cells
--------------------------------------------------------------------------------------------------------

In a cell-free system, STX3451 has been shown to inhibit tubulin assembly and block colchicine binding to tubulin ([@bib6]). Colchicine binds to *β*-tubulin and interferes with polymerisation of tubulin molecules to form microtubules ([@bib26]). We thus examined whether the effects of STX3451 on cytoskeleton were similar to those of colchicine.

We found that colchicine, although depolymerising microtubules ([Figure 5](#fig5){ref-type="fig"}), did not result in morphological changes in ST88 cells. Microtubules were disrupted in cells treated with colchicine and STX3451 ([Figure 5](#fig5){ref-type="fig"}), as they were in cells treated with either STX3451 alone ([Figure 2A](#fig2){ref-type="fig"}) or colchicine alone ([Figure 5](#fig5){ref-type="fig"}), indicating that STX3451 and colchicine have similar effects on microtubules in ST88 cells.

Colchicine treatment of PNF cells resulted in completely depolymerised microtubules ([Figure 5](#fig5){ref-type="fig"}); cells were even more severely affected than those treated with STX3451 alone ([Figure 3A](#fig3){ref-type="fig"}). These results indicate that colchicine has a higher affinity for tubulin molecules and more severely depolymerises microtubules than STX3451. However, colchicine-treated PNF cells ([Figure 5](#fig5){ref-type="fig"}), unlike those treated with STX3451 ([Figure 3A](#fig3){ref-type="fig"}), were less affected morphologically. Cells treated simultaneously with colchicine and STX3451 had very little if any microtubular structure ([Figure 5](#fig5){ref-type="fig"}), which was similar to the effect of treatment with colchicine alone. Combined treatment of cells with colchicine and STX3451 again resulted in rounded cells with thick cortical actin filaments ([Figure 5](#fig5){ref-type="fig"}).

Our results demonstrate that STX3451 and colchicine have different effects on cytoskeletal structures: although STX3451 does not completely depolymerise microtubules as colchicine does, colchicine at the concentration we used does not drastically affect actin microfilaments as does STX3451.

Effect of STX3451 on ST88 and PNF 3D spheroids
----------------------------------------------

Previous studies have shown that some drugs that were effective in inducing death in cancer cells in 2D cultures lost their efficacy in a 3D environment ([@bib11]). We therefore examined the effect of STX3451 in 3D cultures. Our results showed that 4 days after treatment with DMSO vehicle, ST88 spheroids grew ∼20% in diameter ([Figure 6A and B](#fig6){ref-type="fig"}), whereas spheroids treated with STX3451 decreased in diameter to 57% of their original size. Wortmannin had little effect on the growth of the spheroids, but combinations of wortmannin and STX3451 significantly reduced the size of the spheroids. KU0063794 resulted in smaller spheroids than those in DMSO, growing ∼4% in diameter in 4 days. Combinations of KU0063794 and STX3451 again resulted in much smaller spheroids. Colchicine also significantly reduced the size of ST88 spheroids, but not to the same extent as STX3451 ([Figure 6A and B](#fig6){ref-type="fig"}). These results indicate that STX3451 is still effective in promoting ST88 cell death in a 3D culture. Surprisingly, PNF cells formed more compact spheroids than ST88 cells, and over time they became even more compacted ([Figure 6A and C](#fig6){ref-type="fig"}). None of the reagents we tested caused shrinkage or dissociation of these spheroids ([Figure 6A and C](#fig6){ref-type="fig"}), although cell numbers were not quantified.

Discussion
==========

With the discovery that human NF1 tumours are responsive to hormones and have elevated hormone receptor levels ([@bib30]; [@bib39]), hormone analogues capable of interfering with downstream pathways and tumour growth have become an intriguing treatment option to consider. 2ME2 has been used in human clinical trials for a number of hormone-responsive cancers, but its limited bioavailability, short half-life as an active agent, and the ease with which it is catabolized in the intestine and liver make it a less-than-optimal cancer chemotherapeutic. However, sulfamoylation of 2ME2 ([@bib35]; [@bib24]) leads to enhanced potency, bioavailability, and resistance to catabolism ([@bib16]; [@bib9]). Sulfamoylated steroids have the potential to significantly reduce tumour burden in hormone-responsive cancers of all types, including NF1.

We previously showed that 2ME2 arrests cell growth in PNF cells as well as mouse Schwann cell (SC)-like cells differentiated from NF1^−/−^ ES cells ([@bib39]). In this study, we found that one of the most potent of the sulfamoylated non-steroidal compounds, STX3451, effectively induces cell death in the ST88 and S462 cell lines *in vitro* at very low concentration (0.3 *μ*[M]{.smallcaps}). Intriguingly, our results showed that STX3451\'s apoptotic effect was highly specific for malignant ST88 and S462 cells, and that, although growth of PNF was arrested and that of the human embryonic kidney cell line HEK293 slowed, the drug had no effect on the growth parameters of a human osteosarcoma cell line, U2OS.

We found that apoptosis was induced in ST88 cells and growth arrested in PNF cells by at least two mechanisms, which may be independent. First, STX3451 affects phosphorylation of elements in PI3K and mTOR pathways, both of which are downstream of Neurofibromin\'s activities as a growth/tumour suppressor. STX3451 significantly inhibits phosphorylation of AKT Ser473, Thr308, and S6KI T389, a major target of mTOR inhibitors ([Figure 4F](#fig4){ref-type="fig"}). The effect seen in ST88 cells that detach from the substratum is even more marked than in cells that remain attached to the culture plate and these effects are generally greater than -- or at least as effective as -- those induced by wortmannin or KU0063794, except that wortmannin is more efficient in reducing phosphorylation at pAKT Thr308.

We found that by 48 h after treatment with STX3451, the percentage of phospho-caspase-3-positive cells among the remaining attached cells was six times that of that control cells. This result indicates that although these STX3451-treated cells had not yet detached from the culture surface, the majority of them were going through the apoptotic pathway. We also documented that STX3451 had pronounced effects on both actin and tubulin-based cytoskeletal elements. Disrupting the tubulin cytoskeleton has effects on centriole formation, chromosome separation, cytokinesis, and cellular locomotion ([@bib8]). Changing the actin cytoskeleton affects cellular morphology, cytokinesis, and locomotion ([@bib34]). If a tumour cell\'s ability to move through, for example, connective tissue, is impaired, then ability to metastasise is severely curtailed ([@bib31]).

Treatment with STX3451 alone caused ST88 cells to round up, concomitant with the disappearance of long actin-based stress fibres. STX3451 not only disrupted actin filaments, but also affected the morphology of the nucleus: a much higher percentage of cells with aberrant multi-lobed and fragmented nuclei was seen with STX3451. This suggests that STX3451 has two different effects: it inhibits cytokinesis, presumably through its cytoskeletal effects and it promotes apoptosis, presumably through its effects on PI3K/mTOR pathways. Whether these effects are mediated through mitochondria remains to be examined.

2ME2 has been shown to depolymerise microtubules in prostate cancer cells ([@bib27]), affect microtubules in ST88 and PNF tumour cells ([@bib39]). STX3451 destabilised the taxol-induced polymerisation of tubulin and successfully competed with colchicine binding to in a cell-free system *β*-tubulin ([@bib6]). Our results showed that STX3451 had a similar effect to that of both STX140 and STX243, which disrupted microtubular structures in ST88 and PNF cells, in agreement with the tubulin polymerisation interference results ([@bib6]). However, PI3K/mTOR inhibitors did not cause dramatic changes in microtubules. STX3451 in combination with PI3K/mTOR inhibitors resulted in a phenotype similar to STX3451 alone, suggesting that STX3451 is more effective in disrupting microtubules than those inhibitors in ST88 and PNF cells.

It is intriguing that, although STX3451 does not completely disrupt microtubules as colchicine does, colchicine at the concentration we used did not drastically affect actin microfilaments as did STX3451. Therefore, STX3451 affects ST88 and PNF cytoskeletal structures differently from colchicine.

Because our study demonstrated that STX3451 induces apoptosis specifically in the MPNST cell lines ST88 and S462, and arrested the growth of benign PNF cells, even in the presence of elevated oestrogen and progesterone, this drug is a good candidate for proposed preclinical trials involving human NF1 tumour cells engrafted into an immunocompromised NF1 mouse model ([@bib25]). Such a model system could also be used to test whether, under conditions in which hormone levels are elevated, the drugs could still induce apoptosis or growth arrest in the tumours. Tests of STX3451 alone or a combination of treatments could be conducted in mouse models that have different levels of neurofibromin, as are found in NF1 patients. Such treatments could provide a much needed treatment for NF1 patients in the future.
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![**Cell proliferation in response to various specified doses of analogues of 2ME2 analogues and non-steroidal sulphamate derivatives as well as hormones.** (**A**) Chemical structures of STX2484, STX2895, and STX3451. Three different concentrations (0.1 *μ*[M]{.smallcaps}, 0.3 *μ*[M]{.smallcaps}, and 0.6 *μ*[M]{.smallcaps}) of the compounds were used to test proliferation and viability of human NF1 tumour-derived cell lines. (**B**) ST88 human MPNST cells; (**C**) PNF human benign peripheral nerve sheath tumour cells. ![](bjc2015345i1.jpg)STX140; ![](bjc2015345i2.jpg)STX2484; ![](bjc2015345i3.jpg)STX243; ![](bjc2015345i4.jpg)STX2895; ![](bjc2015345i5.jpg)STX641; ![](bjc2015345i6.jpg)STX3451; ![](bjc2015345i7.jpg)DMSO vehicle. (**D**) S462, HEK293, and U2OS cells were treated with 0.1 *μ*[M]{.smallcaps}![](bjc2015345i8.jpg), 0.3 *μ*[M]{.smallcaps} ![](bjc2015345i9.jpg) of STX3451, or DMSO vehicle![](bjc2015345i10.jpg). (**E**) Cell proliferation in response to hormones and STX3451. Oestrogen (1 *μ*[M]{.smallcaps}), progesterone (1 *μ*[M]{.smallcaps}), or both were used, alone or with STX3451 (0.3 *μ*[M]{.smallcaps}). ![](bjc2015345i11.jpg)DMSO and ethanol vehicles; ![](bjc2015345i12.jpg)0.3 *μ*[M]{.smallcaps} STX3451; ![](bjc2015345i13.jpg)progesterone; ![](bjc2015345i14.jpg)progesterone with STX3451; ![](bjc2015345i15.jpg)oestrogen; ![](bjc2015345i16.jpg)oestrogen with STX3451; ![](bjc2015345i17.jpg)oestrogen and progesterone; ![](bjc2015345i18.jpg)oestrogen, progesterone, and STX3451.](bjc2015345f1){#fig1}

![**STX3451 treatment caused cytoskeletal structural changes, focal adhesion plaque alterations and apoptotic cell death in ST88 cells.** (**A**) Cells were stained with anti-*α*-tubulin antibody for microtubules, phalloidin for actin filaments, caspase-3 for apoptotic cells, DAPI for nuclei, and phospho-paxillin for focal adhesion sites. Scale bar, 20 *μ*m. (**B**) Percentage of caspase-3-positive cells DMSO and STX3451-treated cells. (**C**) Percentage of abnormal nuclei in both treatments. Statistical significance: \**P*\<0.05; \*\*\**P*\<0.005.](bjc2015345f2){#fig2}

![**STX3451 treatment caused cytoskeletal structural changes, focal adhesion plaque changes but not apoptotic cell death in PNF cells after 48 h treatment.** (**A**) *α*-tubulin, phalloidin, caspase-3, DAPI, and phospho-paxillin staining shows both microtubules and microfilaments were affected, especially after 48 h. Scale bar, 50 *μ*m. (**B**) Percentage of caspase-3-positive cells DMSO and STX3451-treated cells. (**C**) Percentage of abnormal nuclei in both treatments. Statistical significance: \**P*\<0.05.](bjc2015345f3){#fig3}

![**STX3451 reduced levels of pAKT Ser473 and Thr308, but had less effect than PI3K (wortmannin) or mTOR (KU0063794) inhibitors.** Both wortmannin and KU0063794 were used at 1 *μ*[M]{.smallcaps}. (**A**) Western blot of proteins extracted from ST88 cells treated with different conditions. (**B** and **C**) Graphical representation (*n*=3) with statistical significance \**P*\<0.05 and \*\**P*\<0.01. (**D**) Levels of activated AKT messenger in MPNST tumour cell line *in vitro* treated with vehicle or STX3451. Both attached and floating cells were collected after 24 h treatment and cell lysates obtained. (**E**) Results were then quantified: ![](bjc2015345i19.jpg)DMSO attached cells, ![](bjc2015345i20.jpg)STX attached cells, ![](bjc2015345i21.jpg)STX floating cells. *n*=4, with statistical significance \**P*\<0.05. STX: STX3451; w- wortmannin; KU: KU0063794; (**F**) Schematic indicating where inhibitors act in the PI3K-AKT pathway.](bjc2015345f4){#fig4}

![**Cytoskeletal structural changes in ST88 and PNF cells after 48 h treatment with wortmannin, KU0063794, and colchicine, alone or with STX3451.** Wortmannin and KU0063794 were at 1 *μ*[M]{.smallcaps}, colchicine at 2.5 *μ*[M]{.smallcaps}. Scale bar, 20 *μ*m for ST88; 50 *μ*m for PNF.](bjc2015345f5){#fig5}

![**Treatment of STX3451 caused shrinkage of and cell emigration from ST88 but not PNF spheroids.** STX3451 was at 150 n[M]{.smallcaps}, Wortmannin and KU0063794 were at 0.5 *μ*[M]{.smallcaps}. Treatments were 96 h. Scale bar, 200 *μ*m. (**B**) Percentage of average diameters compared with that before treatment of ST88 cells. \*\**P*\<0.01; \*\*\**P*\<0.001. (**C**) Percentage of average diameters compared with that before treatment of PNF cells.](bjc2015345f6){#fig6}
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